Sulfonphthaleine dyes are an important class of pH indicators, finding applications in novel (textile) sensors. In this paper, we present a combined experimental and theoretical study to elucidate the halochromic behaviour of a large set of sulfonphthaleine compounds. Starting from an experimental analysis consisting of UV/Vis spectroscopy, the pH region and the absorption wavelengths related to the colour shift are obtained and pK a values are derived. The effect of the substituents on the pH region can be traced back to their electron donating/withdrawing properties. Time-Dependent Density Functional Theory (TD-DFT) is able to adequately produce the trend in experimental wavelengths. Proton affinities are used to assess the effect of substituents on the pH region. The combination of theory and experiment is able to give a better understanding of the pH sensitivity; the methodology in this work will be useful in future dye design and is applicable to other dye classes as well.
Introduction
Besides their original use as colourants, dyes are increasingly applied in other fields, such as photovoltaic cells, optical switches and light emitting diodes. [1, 2] Some dyes show chromic properties, meaning that they change colour depending on an external influence. [3] The most exploited chromic types are thermochromism and photochromism, [4, 5] but halochromism (pH sensitivity) is also increasingly studied and put into practice. [6] [7] [8] [9] [10] [11] [12] Our main interest lies in the possible application of halochromic dyes in pH-responsive polymers, or more precisely intelligent textiles. This is part of a larger research field, namely functionalized polymers. [13] [14] [15] [16] It has been shown that pH
indicators can be applied on conventional textile materials, thus creating novel sensor materials. [17] [18] [19] [20] [21] [22] [23] One of the many applications of such textile sensors is in wound dressings. [11] These textile sensors maintain all advantages of textile materials, meaning they are flexible, applicable on large surfaces and can give a local signal, in particular local discolouration. This colour change is easy to perceive and can be used as a first warning signal. In literature, several examples of sensors based on pH-sensitive dyes can be found. [24] [25] [26] [27] [28] [29] [30] [31] A first step towards understanding the interaction of a dye molecule with a textile matrix can be made by studying the molecule solvated in water. We recently elucidated the pH-sensitive behaviour of the azo dye Ethyl Orange. [6] Accurate UV/Vis spectra of the dye in a water environment were simulated using molecular dynamic simulations combined with TD-DFT; which were in good agreement with experiment. The focus of the present paper is to use a similar combined theoretical and experimental approach on a set of sulfonphthaleine dyes. Although this is a small dye class (especially compared to azo dyes), they are widely used as acid-base indicators because they show one or two clearly defined colour transitions as function of pH. [32] Instead of focusing on accurate predictions for one molecule, the scope of this paper is on the detailed examination of a set of dyes based on the same chromophore. It was previously shown in literature that substituents can have large effects on the pH region. [12] This will allow us to gain more insight into qualitative trends and to understand the effect of substituents on the halochromic behaviour. Based hereon, certain predictions will be possible for hypo-thetical dyes with the same chromophore and for existing dyes in another environment (for instance a textile matrix). Eventually studies of these systems should allow for future design of tailor-made dyes for a specific application. [33] The basic structure of sulfonphthaleine dyes is given in Figure 1 ; the substituents of the studied molecules are also listed. [1, 34] The dye set in this work contains 10 molecules and covers most commercially available sulfonphthaleine compounds. These products have numerous applications, [35] [36] [37] [38] [39] [40] [41] often in biological and medical fields. [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] Sulfonphtaleine dyes are not only sensitive to pH, but are also used in sensor applictions for detecting pesticides, CO 2 and ammonia. [54] [55] [56] The development of new glassy carbon electrodes also deserves mention. [57] [58] [59] [60] Other interesting studies include the hyperpolarizabilities of these dyes and also the possibility to serve as starting point for the development of new dyes. [61, 62] Phenol Red (1) has no substituents and is therefore ideally suited to form the start of our discussion. In this work a combined theoretical and experimental approach is used to unravel the behaviour of sulfonphthaleine dyes in aqueous solution. Molecular simulations provide insight on a molecular scale and can help to understand the cause of a colour change. All theoretical calculations in this work are performed using Density Func-tional Theory (DFT). Excited states are calculated starting from an optimized ground state geometry, followed by a vertical excitation energy, the latter within the TimeDependent variant of DFT (TD-DFT). [63] [64] [65] TD-DFT is widely used and often provides accurate results. [66] Although TD-DFT is formally exact, practical implementation leads to approximations due to the nature of the exchange-correlation (xc) functional and the usually applied adiabatic approach. [67] In this light, an important issue is a charge-transfer (CT). [68] To tackle this problem, several longe-range corrected functionals have been developed, for example the Coloumb Attenuated version of B3LYP
(CAM-B3LYP). [69] [70] [71] Several groups have studied dye molecules with TD-DFT [72] [73] [74] [75] [76] [77] and extensive benchmark studies have been performed by Jacquemin et al. [66, [78] [79] [80] [81] [82] [83] [84] They have shown that more conventional hybrid functionals, such as B3LYP, perform quite well in general, but long-range corrected functionals provide a beneficial effect for dyes exhibiting CT character. A diagnostic tool has been developed by Peach et al. to determine the magnitude of the CT and thus the likeliness of artifacts. [85] [86] [87] The same authors have also pointed out the improvement compared to experiment of the Tamm-Dancoff approximation (TDA) when there is a triplet instability, caused by the exact exchange used in hybrid functionals. [88] [89] [90] Both errors seem to cause an underestimation of the excitation energy compared to experiment.
The goal of this paper is threefold: (i) we want to gain a better understanding of the pH-sensitive behaviour of sulfonphthaleine dyes and (ii) the influence of the substituents hereupon; (iii) we also want to achieve a theoretical model in which simple calculations can be used to predict the pH region of the colour change. The latter is useful for future dye design and can help further research where the environment is taken into account. Because of the direct link to the colour of the species, the experimental part will mainly consist of characterization by UV/Vis spectroscopy in different pH environments. First the observations for Phenol Red will be discussed and second the substituent effects will be studied. Thorough understanding of the observed effects at the molecular level is achieved by molecular modeling. The present work covers the behaviour of dyes in solution. It forms the basis of future research when the interaction between dye molecules and a polymer/textile matrix is considered.
Materials and methods
All dye molecules were supplied by Sigma-Aldrich, together with hydrochloric acid (1 mol/l) and sodium hydroxide (50 m%) for pH regulation. Measurement of the pH values were executed with a Hamilton glass electrode and a SympHony pH meter.
Experimental UV-VIS spectra of a 10 mg/l solution were measured on the Lambda 900 spectrophotometer from Perkin-Elmer in the interval 200-800 nm (with a resolution of 1 nm). The transmission measurements in solution are recalculated to absorbance. pK a values are calculated from absorbance spectra using following formula: [91, 92] pK a = pH − log
in which A z is the absorbance obtained at a defined pH and A a and A b are the absorbance of the acid and base form respectively. In this work, it was chosen to calculate the pK a for each measured pH value and subsequently take the average.
Theory and calculations
All calculations were carried out in Gaussian09 [93] using Density Functional Theory (DFT), as this method is both computationally efficient and sufficiently accurate for examining large dye molecules. Geometries were optimized using the B3LYP electronic structure method in combination with a 6-31+G(d,p) basis set. [94, 95] The B3LYP functional combined with a Pople basis set of double-zeta quality for the valence orbitals was more specifically shown to produce geometries [96] and corresponding frequencies in good agreement with experimental data of other dyes. [97] [98] [99] Curtiss et al.
showed that B3LYP generates geometries comparable to those of second order Møller-Plesset perturbation theory (MP2). [100, 101] Frequency calculations were performed at the same level of theory as the geometry optimization to obtain zero-point vibrational energy and Gibbs free energy corrections. [102] B3LYP is a hybrid functional, using 20% exact exchange (20% Hartree-Fock, HF). Besides B3LYP, other functionals were tested in this work with varying amounts of exact exchange: PBE (pure GGA, no exact exchange); [103, 104] M06-2X (meta hybrid functional containing 54% HF exchange) [105] and CAM-B3LYP (hybrid with variable amount of HF exchange, between 19% and 65%). [71] Conformational analysis and frequency calculations were performed to find the absolute minimum for each compound. All calculations were performed with inclusion of implicit solvation, which is modeled using the standard self-consistent reaction field in Gaussian09; namely the Integral Equation Formalism Polarizable Continuum Model (IEF-PCM). [106] [107] [108] UV-VIS spectra were calculated with TD-DFT using 30 excited states. These computations involve optimized ground state geometries and hence vertical excitation energies are obtained. To evaluate the influence of the DFT functional on the calculated UV-VIS spectra, PBE, B3LYP, M06-2X and CAM-B3LYP were tested, using geometries optimized with the functional used for the TD-DFT calculation. The computational details concerning the molecular dynamic simulation can be found in section S1 of the Supporting Information (SI).
Results and discussion
4.1. Experimental study: pH-sensitive mechanism and substituent effects
Phenol Red
Looking at the basic structure of the sulfonphthaleine dyes ( Figure 1 ), it can easily be understood that these molecules will behave as acids in water. When solvated, deprotonation will allow for a rearrangement of the internal bonds (Scheme 1 illustrates the behaviour for 1). The driving force behind this deprotonation is twofold: the internal rearrangement results in a larger conjugated system and a SO -3 group is formed (1 a ). The latter allows for a high interaction with the surrounding water molecules and is thus energetically favourable. The deprotonation was experimentally verified by a drop in pH upon solvation of 1.
The internal rearrangement can be confirmed by molecular modeling. In Figure 2 , the gas phase structures of 1 a are given: the compound on the left-hand side has the bond between the oxygen and central carbon atom, while the structure at the right-hand side has a free SO -3 group. It was seen in a molecular dynamic simulation with explicit solvent that the bond spontaneously breaks, indicating a very low barrier (see section This scheme was also proposed in literature and is confirmed here (vide infra). [32, 109] 1 also shows a colour change in acidic media; the full-range spectrum is given in section S2 of the SI. The colour change around neutral pH is of most interest for the application as wound bandages and hence will further be explored (Figure 3(a) ).
The pH region of the colour change of 1 is thus pH 6-9, which can be seen more clearly from Figure 3 (b). Using formula (1), the pK a of 1 can be calculated as 8.0.
Alternatively, the pK a can also be estimated from the crossing point in Figure 3 (b).
The colour changes from yellow to red, which corresponds with a shift of λ max from 433 nm to 559 nm. There is an isosbestic point at 480 nm, confirming a colour change between two clearly defined structures. It is also worth noting that the structure in a basic environment (1 b ) is stabilized by resonance (see Scheme 1). This is further verified by molecular modeling in section S3 of the SI. 
Substituent effects
The effect of substituents on the reference structure 1 on the pH-sensitive properties will now be discussed. This includes a shift of the pK a and the influence on λ max , the so-called auxochromic effect. All data concerning the halochromic properties of the dye set (pH region, corresponding wavelengths λ max and pK a values) are included in Table 1 . [32, 110] Table 1 : pH region of the colour change, pK a value and corresponding absorption wavelengths (nm and eV between parenthesis) of all compounds x shown in Figure   1 (measured in water). These values are compared to calculated vertical absorption energies E vert . The molecules of the test set ( Figure 1 ) can be divided into three types: those with electron donating substituents (2-5); with electron withdrawing substituents (6,7) and those with both electron donating and withdrawing groups (8) (9) (10) . The UV/Vis spectra of dyes 2 and 6 are included in Figure 3 as examples of dyes with electron donating and electron withdrawing substituents, respectively. UV/Vis spectra of all compounds are given in section S2 of the SI.
Before going into detail, some general observations of is very small for the components x a , there is an influence on the colour of x b . In the latter case, a general rule is the more/larger the substituents, the higher λ max will be.
Cresol Red (2) has two methyl substituents, which are electron donating. Hence, compared to 1, there will be a slightly larger negative charge in the conjugated system.
The bond between the proton and oxygen of the hydroxyl group will be stronger and thus deprotonation will be more difficult. This is reflected experimentally with the observation that a slightly more alkaline medium is needed to allow for deprotonation and therefore the colour shift is between pH 7.0 and 9.5 instead of pH 6.5 and 9.0 as for 1 (see also Figure 3 Bromophenol blue (7) have a large effect and cause the pH region to drop to 2.5-5.0.
In Bromocresol Purple (8), the electron withdrawing effect of bromine is countered by the electron donating methyl group; the netto electronwithdrawing effect is thus rather small for this molecule. Again, the effects are similar for all structures with elecron withdrawing substituents (6-10).
The observations made in this paragraph already indicate that the facility for deprotonation strongly correlates with the pH region (and thus the pK a ). This will be further examined using proton affinities in section 4.2.2.
Ab initio simulations 4.2.1. Level of theory assessment on Phenol Red
A Level Of Theory (LOT) study is performed on structure 1 to guarantee the reliability of the theoretical data. Herein several computational methods are compared to choose one most suited for this application. All optimized structures are included in section S4 of the SI. For reference, both singlet and triplet states were calculated, but the latter proved to be on average 115 kJ/mol higher in Gibbs free energy and are therefore omitted from the discussion. It is noted here that these molecules have multiple local minima with relatively large energy differences. A thorough conformational analysis was thus performed by systematically scanning the local minima in terms of the various dihedral angles.
As already mentioned in the introduction, the choice of exchange-correlation functional can have a strong influence on the results. Therefore, the following functionals were chosen because of their different amount of exact exchange (Hartree-Fock, HF):
PBE, B3LYP, M06-2X and CAM-B3LYP. In Table 2 the calculated vertical excitation energies (E vert ) of 1 a and 1 b are compared to experimental λ max values. An increasing amount of exact exchange results in a larger discrepancy with experiment, which might point toward a triplet instability (see Introduction). However, Peach et al. previously reported that an increase in HF exchange usually leads to a decrease in excitation energy. [89, 90] This is clearly not the case and hence TDA is not expected to improve the results. For reference, stability values and TDA results are given in section S5 of the SI. Overall, the agreement with experiment is rather good in the case of 1 a for PBE and B3LYP, whereas a large difference is found for 1 b .
It is noted here that the physical process behind an experimental value is not always well defined, which must be kept in mind when comparing experimental and theoretical results. In addition to vertical excitations as used here, one can also calculate adiabatic values. [111] This means that the energy difference between the optimized ground state and optimized excited state is calculated; which is the energy difference between the two minima as depicted in Figure 4 . For the vertical excitation on the other hand (as used in this work), only the optimized ground state geometry is used. Adiabatic values are especially interesting in the light of cyanine dyes. These molecules show a delocalized charge and are in that aspect similar to 1 b (see also section S3 of the SI). These delocalized charges were until recently considered problematic for TD-DFT. [112, 113] Send et al. however indicated that the nature of the excitation might be essentially non-vertical and that TD-DFT is not the cause of the discrepancy. [114] This would mean that the 'true' excitation that occurs in the absorption experiment is not completely vertical and thus lightly shifted towards the adiabatic excitation. This also means that vertical excitation energies will generally be larger than the observed experimental energies, as is the case here. Cyanine dyes were further studied by Jacquemin and coworkers. In a recent study they compared experimental adiabatic and theoreti-cal adiabatic values, finding a much better agreement. [115, 116] One must keep in mind however that these experimental adiabatic values are different from the λ max values obtained by absorbance spectra. The latter are of course our main interest because they determine the colour of the species. Because only absorption data are at hand, qualitative comparisons with experiment can still be made in the vertical approximation as will be shown further on.
Of all functionals tested, PBE and B3LYP perform best compared to experiment.
However, PBE did show some so-called dark states (the values given in Table 2 are the lowest in energy with a minimal oscillator strength of 0.1), which were absent in the case of B3LYP. Compared to PBE, B3LYP has proven itself to be a more than adequate method for calculating geometries and energies, which makes it a more promising method for future research when the environment will be taken into account. As shown later on, B3LYP is able to qualitatively predict the trend in the excitation energies. Therefore, further calculations in this work will thus be performed using B3LYP;
which was also the method of choice in our previous work.
[6] Table 2 shows that the B3LYP method is good for reproducing experimental values at low pH. The discrepancy, observed at high pH, is not easily solved because of the physical nature of the excitation. It will be shown in the next paragraph that the selected method, however, succeeds at elucidating the qualitative experimental trend in terms of the substituents.
Theoretical study of the dye set
For each structure, the vertical excitation energy is calculated for both the acidic (E vert (x a )) and basic (E vert (x b )) form and all data is listed in Table 1 . The remarks made for structure 1 are valid for all structures in our test set: λ max of the acidic form x a is always well reproduced, with an absolute mean deviation of only 10.2 nm (0.07 eV).
The overestimation of λ max for the basic form x b is much larger but quite constant (on average 76.7 nm, 0.31 eV). To better illustrate that the trend is maintained, all structures are given in decreasing order of λ max of the basic form x b in section S6 of the SI, showing that the experimental order is almost equal to the theoretical order. For reference, the reactivity of all involved molecules has been studied (see section S3 of the SI). The x b compounds are found to be more reactive than x a , however little influence of the substituents is seen.
The effect of substituents on the pH range of the colour change can be understood using proton affinities (PAs) of the implicitly solvated compounds. The following discussion is easily expanded to any other pH-dependent (de)protonation. Using 1 as example, consider the reaction when a proton is added to the molecule:
The equilibrium constant can be written as:
with
; which can also be written in function of the PA:
A PA can thus be considered as the drop in Gibbs free energy when adding a proton.
When comparing the PAs of two different compounds, the molecule with the lowest PA (more negative) will be able to stabilize the proton more than the other molecule. This can also be interpreted that protonation will be easier. Note that PAs are sometimes also defined in terms of energy or enthalpy instead of Gibbs free energy as used here.
Another way of writing the equilibrium constant is based on the activities of the different compounds:
Note that the equilibrium constant depends on the environment, in this case the pH.
The pH that is assumed here, is the pK a . When pH = pK a , both components have the same concentration (a 1 a = a 1 b ) which also means the middle of the colour transition.
In the case of 1, pH = 8.0 (see Table 1 and Figure 3(b) ). The previous rationale also applies for another compound, for example 2, but do note this is at a different pH (more specifically pH 8.3 for 2). The ratio of both equilibrium constants can then be written as (5) and simplified to (6) .
Taking the logarithm base 10 on both sides of (6) results in:
Using PAs and the definition of pH, this can be written as:
As a final assumption, we set G H + 
The linear behaviour is quite easy to understand: the more stabilized the molecule is upon protonation; the lower the pH region will be. This correlation is illustrated in Figure 5 ; the PA (relative to 1, absolute values can be found in section S7 of the SI) is plotted as function of the pH range of the colour change for each dye studied here. At first glance, the linear behaviour is quite obvious. The regression constant of the linear behaviour is 98%.
It is noted here that the slope of the linear regression is not equal to −RT ln(10), in contrary to (9). This is because
was set to be constant, while G H + is in fact dependent on the pH and thus linked to the calculated PA. Several literature studies concern the calculation of pK a values. [117] [118] [119] [120] [121] Most studies use high-accuracy methods (such as CBS-QB3); the DFT results obtained here are a more economical solution when computer time is concerned. Some of these studies use experimental values for G H + , but a fixed value would result in the same deviation. [122, 123] One could course not limited to this dye set; it holds for any pH-sensitive system. Combined with TD-DFT calculations, one can predict both the pH region and the corresponding colour shift of hypothetical dyes. This knowledge can also be applied when studying dyes in different environments. It would be interesting to see how the PA changes when a dye is put into a textile matrix for instance and how this relates to a change in pH region.
This will be the subject of future research.
Validation for Sulphamphtaleine dyes
Sulfonphthaleine dyes have been modified by Bhuchar and Agrawal to sulphamphthaleine dyes. [62] More specifically, Phenol Red (1) and Cresol Red (2) were modified by substituting an oxygen of the SO -3 group by NH -, resulting in a SO 2 NH -group. The two final structures, labeled 11 and 12, are shown in Figure 6 . The proposed methodology is now applied to these two new structures and compared with the experimental findings of Bhuchar and Agrawal. All data is given in Table 3 . The pK a values of 11 and 12 were derived by calculating their respective PAs and then applying the linear regression found for Sulfonphthaleine dyes (see Figure 5 ).
The resulting pK a values are quite close to the experimental ones.
The calculated vertical absorption wavelenghts are in agreement with the results found for the sulfonphthaleine dyes. For 11 a and 12 a the results are close to experimental values, while the wavelengths for 11 b and 12 b are again underestimated. It is noted that this underestimation is almost the same as the average 76.6 nm found for sulfonphthaleine dyes. Keeping this in mind, we can thus say that the model is able to predict the pH-region (pK a ) and colour of both sulphamphtaleine dyes.
Conclusions
In this work, we have studied 10 sulfonphthaleine dyes using both experimental and theoretical techniques. The combination of both disciplines has helped to unravel the molecular structures involved in the colour change, rationalizing the colour changing the pH region of the colour change (with corresponding pK a value) and the absorption wavelengths λ max . Specifically the effect of electron donating and withdrawing groups was studied. Both experimental parameters were elucidated using molecular modeling.
Vertical absorption energies calculated with TD-DFT showed an adequate agreement with experimental data. The pH region of the colour change could be explained using Proton Affinities (PAs) and a linear dependence was deducted. The combination of TD-DFT calculations and PAs is able to fully interpret experimental data and can thus be used to predict the colour shift and pH region of hypothetical sulfonphthaleine dyes.
This was illustrated for modified sulfonphthaline dyes, in particular sulphamphthaleine dyes. The methodology proposed in this paper can be generalized to other dye classes and is promising for future dye-design.
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